Introduction {#Sec1}
============

At the end of 2019, a debilitating and novel strand of coronavirus, known as COVID-19, emerged and progressed into an outbreak (Yang and Wang [@CR27]; Munster et al. [@CR14]). Soon after, the new disease, which put the lives and economic wellbeing of millions at risk, was declared a global pandemic by the World Health Organization (WHO) (Yang and Wang [@CR27]; Munster et al. [@CR14]). Consequently, researchers worldwide devoted significant effort and time to discover a cure or an effective treatment in the form of drugs, vaccines, or antibody therapies. Equally as important is the search for engineering solutions that can help combat or reduce the virus transmission and protect the public and first responders from this infectious disease.

COVID-19 can be transmitted through airborne respiratory droplets, ejected as a result of talking, coughing or sneezing, as well as through human contact with fomites (Yang and Wang [@CR27]; Gralinski and Menachery [@CR9]). Fomites represent a major health concern due to their ability to spread the virus when exposed to contaminated respiratory droplets or other body fluids, such as saliva, nasal discharge, or blood, from an infected person (Ong et al. [@CR16]). Recent studies by the National Institute of Allergy and Infectious Diseases (USA) have shown that the virus can infect fomites made of metals, polymers and recycled paper for extended periods measured in days (Van Doremalen et al. [@CR24]). For instance, contaminated commonly used surfaces that exist in public facilities, such as furniture, clothes, utensils, handrails, taps, sinks, elevator buttons, and light switches, among others, can easily transmit the virus. In addition, according to the WHO guidelines (Van Doremalen et al. [@CR24]), Health Care Workers (HCW) should be equipped with personal protective equipment (PPE), such as gowns, coveralls, face shields, or masks, to act as a barrier against fluid transmission and/or fluid penetration. However, infections due to the adhesion of bodily fluids to the surface of PPE during doffing or undressing have previously been reported in (Katoh et al. [@CR11]; Galante et al. [@CR8]; Tanabe et al. [@CR21]), which represents a serious risk of virus transmission among HCW. This risk has been further demonstrated by the numerous COVID-19 infections reported among HCW (Bowdle and Munoz-Price [@CR3]; Wang et al. [@CR25]). It is worth noting that during the SARS outbreak in 2003, 51% of the cases in Ontario (Canada) were among HCW (Bowdle and Munoz-Price [@CR3]). Accordingly, novel strategies should be sought to reduce the risk of virus transmission among the public and first responders.

Superhydrophobic surfaces have recently been garnering considerable attention due to their extreme water repellency features, with contact angles (CA) larger than 150° and sliding angles (SA) lower than 10°. Additionally, they possess self-cleaning capabilities (Liu et al. [@CR12]; Yan et al. [@CR26]; Teisala and Butt [@CR22]). Due to these highly desirable characteristics, superhydrophobic surfaces have recently gained popularity in the biomedical sector due to their blood repellency and reduction in bacterial, viral adhesion and antifouling properties (Falde et al. [@CR6]; Shin et al. [@CR18]; Jaggessar et al. [@CR10]). Earlier studies have shown that PPE that have high CA and low SA can significantly reduce a virus's carryover potential and provide antimicrobial benefits (Katoh et al. [@CR11]; Tomšič et al. [@CR23]; Yeerken et al. [@CR28]).

For surfaces to acquire superhydrophobicity, a combination of chemical modification and surface texturing is required (Liu et al. [@CR12]; Yan et al. [@CR26]). Specifically, materials with a low surface energy and contain surfaces with a hierarchical nano/microstructure represent the basis for superhydrophobicity. Although various techniques have been reported in the literature (Yan et al. [@CR26]; Martin et al. [@CR13]), the complexity and investment in the majority of these techniques hinder their widespread adoption into broader commercial applications. A potential fabrication technique that can overcome these obstacles is developing superhydrophobic nanocomposites in which low surface energy nanoparticles are dispersed in a polymeric matrix. These nanocomposites can be applied to a surface to form a superhydrophobic coating (Yeerken et al. [@CR28]; Elzaabalawy et al. [@CR5]; Elzaabalawy and Meguid [@CR4]) or bulk-synthesised to create a monolith that is entirely superhydrophobic (Elzaabalawy et al. [@CR5]; Zhang et al. [@CR29]). The choice of the nanocomposite's constituent materials depends on the required surface characteristics. For instance, flexible polymers with low surface energy, such as PDMS (silicone) and PTFE (Teflon), can be used to coat or create flexible surfaces, while polymers with greater mechanical properties, such as epoxy, can be used to coat commonly accessible and frequently touched surfaces. As for nanoparticles, silica has demonstrated excellent self-cleaning characteristics (Yeerken et al. [@CR28]; Elzaabalawy et al. [@CR5]; Elzaabalawy and Meguid [@CR4]; Zhang et al. [@CR29]) and remains to be a cost effective solution.

The literature indicates that copper can play a crucial role to further eliminate the risk of the virus. Copper fomites were found to have antiviral properties against Influenza A virus particles (Noyce et al. [@CR15]), and are also found to be the fastest to eradicate the activity of COVID-19 virus particles compared to other materials (Van Doremalen et al. [@CR24]), as shown in Fig. [1](#Fig1){ref-type="fig"}. Copper-based nanoparticles were also found to inactivate H1N1 influenza virus (Fujimori et al. [@CR7]), as well as other virus' strands (Ravishankar Rai and Jamuna Bai [@CR17]; Shionoiri et al. [@CR19]). Moreover, copper nanoparticles possess antibacterial characteristics (Suryaprabha and Sethuraman [@CR20]; Anita et al. [@CR2]; Agrawal et al. [@CR1]), which can improve the general hygiene level of surfaces. Thus, an effective combating strategy to eliminate the virus would incorporate copper nanoparticles within the nanocomposite or employ separate copper surfaces.Fig. 1Half-life of viable virus particles for different materials (Van Doremalen et al. [@CR24])

Hypothesis {#Sec2}
==========

With the recent COVID-19 virus outbreak, we hypothesise that implementing superhydrophobic surfaces in public and healthcare facilities can protect against and reduce the potential of virus transmission. Since COVID-19 spreads mainly through droplet transmission and via contacting contaminated surfaces, we believe that surfaces coated with or created from a superhydrophobic nanocomposite can combat the virus transmission through a 3-step strategy; as demonstrated in Fig. [2](#Fig2){ref-type="fig"}. First, droplets contacting superhydrophobic surfaces will maintain their spherical shape and exist in a Cassie-Baxter wetting state, which reduces the surface's exposure to the virus by *encapsulation*. Second, we believe that droplets impinging a superhydrophobic surface will either rebound or roll-off leaving no trace of the virus; ultimately resulting in *contamination suppression*. Finally, for the repelled droplets or in extreme cases where some traces of the virus inevitably contaminate the surface, nanoparticles within the nanocomposite with antiviral and antibacterial properties will eradicate the virus, as shown schematically in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2A schematic of our proposed transmission combating strategy: **a** Virus encapsulation, **b** contamination suppression, and **c** virus elimination

The superhydrophobic nanocomposites acquire their surface protection characteristics through chemical modification and a hierarchical nano/microstructure. Different polymeric materials can be used to vary the flexibility and endurance/durability of the developed surfaces. Furthermore, a combination of highly hydrophobic particles, such as silica, and other nanoparticles that possess antibacterial and antiviral properties, such as copper, can be used to obtain the desirable surface protection.

Objectives {#Sec3}
==========

Although research and development of novel materials might not provide a direct cure for COVID-19, they can significantly reduce the spread of the virus among the public and first responders. As one of the leading laboratories in superhydrophobicity research, we believe that superhydrophobic surfaces can contribute to the different protection strategies. Specifically, our aim is to design and develop self-cleaning superhydrophobic surfaces either by coating commercially available surfaces or creating monolithic surfaces that are entirely superhydrophobic. The developed surfaces should be chemically stable, flexible, durable, and safe for all types of applications, including medical applications. In addition, the fabrication method used should be economical, scalable, and facile to ensure their widespread adoption in different applications and specially in healthcare facilities. We have demonstrated these qualities in our earlier work (Elzaabalawy et al. [@CR5]; Elzaabalawy and Meguid [@CR4]) for general engineering applications. The focus here is on the development of durable protective surfaces that are self-cleaning, antibacterial, and antiviral.

Development of superhydrophobic surfaces {#Sec4}
========================================

Decidedly, developing superhydrophobic surfaces and monoliths is an effective approach for reducing the transmission potential of COVID-19. Based on the technique reported in our previous work (Elzaabalawy et al. [@CR5]), a flexible superhydrophobic surface can be fabricated by first dispersing hydrophobic nanoparticles, such as silica, in a flexible polymeric matrix, such as silicone. The homogeneous dispersion process can be ensured with the aid of a solvent, such as acetone, and an ultrasonicator. The emulsion produced by the dispersion process can then be applied as a sprayed coating. Consequently, the coated surface is cured at an elevated temperature (120 °C) for 1 h to ensure its effective polymerization.

In order to fabricate a flexible and regenerative superhydrophobic monolith, the emulsion can alternatively be subjected to a hot-water bath and eccentric mixing to evaporate most of the solvent after homogenous dispersion is achieved. A paste-like mixture is then obtained and can be injected into molds of desired shapes and thicknesses. Upon curing at an elevated temperature (120 °C for 1 h), a controlled sandpaper abrasion process was used to expose the dispersed nanoparticles and achieve the hierarchical micro/nanostructure necessary for superhydrophobicity. Since the entire bulk of the material is superhydrophobic, a damaged surface can be regenerated by re-applying the abrasion process to restore superhydrophobicity.

The concentration of nanoparticles in the nanocomposite can greatly affect the characteristics of the developed surfaces. It was found that a concentration of \~ 15 wt% ensures an optimum balance between superhydrophobicity and endurance for spray coated surfaces. For a superhydrophobic monolith, a concentration of \~ 10 wt% yielded excellent repellency features, while at the same time maintaining the viscosity of the emulsion at a value that enables easy injection into molds.

Combating COVID-19 using superhydrophobic surfaces {#Sec5}
==================================================

Adopting the above concentrations, the developed surfaces can maintain water droplet at a stable Cassie-Baxter wetting state, with CA of \~ 163° and SA of \~ 5° for the spray coated surfaces and CA of \~ 167° and SA of \~ 6° for the regenerative monoliths, as depicted in Fig. [3](#Fig3){ref-type="fig"}. Remarkably, the developed surfaces enabled an impinging droplet to roll-off the surface (Fig. [4](#Fig4){ref-type="fig"}a, b, d, e), leaving no traces. In fact, even after experiencing a large spread diameter and creating secondary droplets due to the high impinging velocity (Fig. [4](#Fig4){ref-type="fig"}c). This exceptional recollection and repellency highlights the capability of the newly developed surface to encapsulate and suppress contaminated surfaces.Fig. 3Static water droplets (dyed for contrast) on a **a** spray-coated sample and **b** regenerative monolithFig. 4Time-lapse images for a droplet impinging a superhydrophobic monolith: **a** droplet approach, **b** just prior to impact, **c** large spread to droplets, **d** droplet reassembly and **e** roll-off with no traces

SEM investigations have shown that the fabrication technique is capable of creating the hierarchical structure necessary for effecting superhydrophobicity, as shown in Fig. [5](#Fig5){ref-type="fig"}. The nanoparticles are responsible for creating the nano-asperities, while the microstructure is obtained as a result of the atomization effect in spray-coated samples and controlled surface abrasion in bulk-synthesized monoliths. The delicate balance between the polymer and the nanoparticles is critical in developing an effective multiscale structure, while maintaining its endurance/durability.Fig. 5SEM images for **a** spray-coated sample and **b** regenerative monolith

Epoxy has a higher surface energy and as a result superhydrophobic nanocomposites that use epoxy as the base material might experience reduced repellency. Based on our previous work (Elzaabalawy and Meguid [@CR4]), an additional step can be introduced to overcome this reduction. Prior to dispersing the nanoparticles, the epoxy is chemically modified using an amino-functionalized polysiloxane. The silica nanoparticles can then be dispersed in the matrix of siloxane-modified epoxy with the aid of a solvent and ultrasonicator. Subsequently, the spray coated surface would be cured at room temperature for 24 h. It is worth noting that a concentration of nanoparticles of \~ 30 wt% was found to yield a good balance between superhydrophobicity and surface durability.

Variety of substrates examined {#Sec6}
------------------------------

The newly developed superhydrophobic coating was also found to be highly effective in treating different substrates: metals, glass, wood, and fabrics, as shown in Fig. [6](#Fig6){ref-type="fig"}. Our ability to treat a variety of substrates is crucial in ensuring that the novel coating is capable of providing the necessary protection for different surfaces and applications. Interestingly, coated fabrics demonstrated exceptional repellency features and did not lose their flexibility. This result was attributed to the slight elasticity enhancement achieved through the polysiloxane modification process and the micro-cracks observed within the surface structure of the coating.Fig. 6Static water droplets on different substrate materials covered with our novel superhydrophobic coating: **a** metal, **b** wood, **c** glass, and **d** fabric

Additionally, the coated surfaces enabled impinging droplets (\~ 10 μL) to completely rebound within \~ 16 ms and completely deflect an impacting water jet, as depicted in Figs. [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"}, respectively. It is worth observing that the droplet rebounds leaving no traces on the surface, which is a necessary feature to accomplish the contamination suppression outlined in our strategy to curtail the spread of the virus. Specifically, a surface with a slight inclination will be able to purge any impinging contaminated droplets. The developed hierarchical nano/microstructure of the developed nanocomposite coating is shown clearly in the SEM images depicted in Fig. [9](#Fig9){ref-type="fig"}. The presence of nano/micro-asperities superposed on the main surface asperities are one of the main characteristic features of superhydrophobicity.Fig. 7Typical droplet impingement on a coated metallic sample and rebound at different time intervals leaving no tracesFig. 8Repelling an impinging water jet (dyed for contrast) off a metallic coated sampleFig. 9SEM image for a coated sample

The challenges {#Sec7}
==============

Let us now address some of the challenges and limitations associated with our research. We believe that further enhancement strategies using other nanoparticles that have antibacterial and antiviral characteristics should be pursued. This would ensure the complete eradication of the virus (third feature in our devised combating strategy). Specifically, the surface should first repel contaminated droplets or body fluids to prevent adhesion, keeping the virus encapsulated and supressing the surface contaminants. Further research is also necessary to investigate the potential of copper nanoparticles to target COVID-19 virus strands and the effect of using a blend of highly hydrophobic silica nanoparticles and antibacterial/antiviral copper nanoparticles. Additional investigations should also be performed to ensure a balance between superhydrophobicity, durability/endurance, surface protection, and antibacterial/antiviral properties. Clearly, it is necessary to conduct trials using fomites to prove the concepts and the potential of superhydrophobicity in combating the spread of COVID-19. Our laboratory has contacted a number of epidemiology laboratories in the surrounding hospitals to seek their help in testing the ability of our newly developed surfaces to limit the spread of the virus.

Conclusions {#Sec8}
===========

In this work, we highlighted the potential of implementing superhydrophobic surfaces to reduce virus transmission. We succeeded in fabricating nanocomposites that can repel contaminated droplets and provide enhanced protection to surfaces used in public and healthcare facilities. These nanocomposites can be applied to coat surfaces or bulk-synthesized into a superhydrophobic monoliths. Additionally, the mechanical properties of the superhydrophobic nanocomposite can be varied by using different polymeric materials (silicone or epoxy) to suit different substrates and operating conditions. We have demonstrated two aspects of our combating strategy: encapsulation and contamination suppression of droplets. Earlier studies have already confirmed the antiviral and antibacterial properties of copper.

Further research is required to investigate the effect of using a mix of highly hydrophobic silica and antibacterial/antiviral copper nanoparticles to obtain an effective surface protection capable of eradicating the virus. Additionally, it is necessary to conduct virus tests using fomites and treated surfaces to demonstrate the concepts discussed herein. With the current uncertain future, the unfortunate loss of life and the devastation of the world economies, we felt obligated to publish our results and make our research known to all interested parties. Clearly, this study does not preclude the importance of social distancing, proper care and hygiene necessary to ensure protection against contracting or spreading the virus.
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